Abstract. A source-oriented model for air pollutant effects on visibility has been developed that can compute light scattering, light extinction, and estimated visual range directly from data on gas phase and primary particle phase air pollutant emissions from sources. The importance of such a model is that it can be used to compute the effect of emission control proposals on visibility-related parameters in advance of the adoption of such control programs. The model has been assembled by embedding several aerosol process modules within the photochemical trajectory model previously developed for aerosol nitrate concentration predictions by Russell et al. [1983] and Russell and Cass [1986]. These modules describe the size distribution and chemical composition of primary particle emissions, the speciation of organic vapor emissions, atmospheric chemical reactions, transport of condensible material between the gas and the particle phases, fog chemistry, dry deposition, and atmospheric light scattering and light absorption. 
Introduction
Visibility problems exist both in cities like Los Angeles and Denver and in more rural areas such as California's San Joaquin Valley that need to be understood at a level where emission controls applied at air pollutant sources can be studied to determine the resulting changes in visual range. Several approaches are available that could be used to link source emissions to visual air quality. The simplest of these is the use of speciated rollback air quality models linked to empirical visibil-on the primary seed particles, while HC1 derived from sea-salt chloride may be liberated from some particles [Eldering et al., 1991] .
Urban aerosols are sufficiently dilute that coagulation is not of major practical importance. In particle sizes larger than about 0.1-/•m particle diameter, particle number counts arising from background and new primary emissions are nearly conserved, modified only by removal by wet or dry deposition. Removal processes are slow enough that fine aerosols have an atmospheric lifetime of approximately 3-5 days. Therefore a model that hypothetically follows single particles as they evolve in the presence of condensation, heterogeneous reaction, and deposition is possible.
If the seed particles, with their accumulation of secondary material, enter a condition where fog would form, particles larger than a critical size determined by particle composition and the ambient water vapor supersaturation are activated. Those particles grow rapidly, and enough water accumulates to permit aqueous phase reactions in which SO2 dissolved in droplets can be oxidized by species such as H20• and O3 scavenged from the photochemical smog contained in the surrounding gas phase. Dissolved SO• also could be oxidized by oxygen in the presence of metal catalysts. If the fog evaporates, the fog droplets attempt to dry out, leaving in their place a smaller nucleus of the nonvolatile materials that were once contained in the fog drops. Meanwhile, sedimentation and other dry deposition processes remove particles from the system. For the air parcel as a whole, particles grow in size and new particles accumulate as long as flesh emissions exceed the rate of removal processes.
By tracking the background and primary seed particles and pollutant gases as they evolve in the air parcel, a model can be constructed for predicting the number concentration, size distribution, and chemical composition of the aerosol that results with sufficient detail that light scattering and absorption calculations can be performed via Mie theory. A model that connects source emissions to light scattering and absorption by particles, when added to light scattering by air molecules and light absorption by NO2, results in a model for the effect of source emissions on the atmospheric extinction coefficient as a function of wavelength. This model for the extinction coefficient can be used to predict the effect of emission changes on visual range via Koschmieder's formula [Middleton, 1952] and can be used to generate full color photographs of the effect of emission changes based on the visual character of a scene using imageprocessing-based visibility models like those of Eldering et al. [1993] .
Since we describe a process that starts with single primary particles and follows their evolution within an air parcel, it is logical to begin with a Lagrangian trajectory model for the air parcel, especially in cases where a serious visibility reduction problem is to be studied having a visual range of only a few kilometers, consistent with the dimensions of the air parcels tracked by such a trajectory model. Within that trajectory model, we seek to embed a model for the background aerosol, a model for the primary aerosol source emissions, a photochemical gas phase mechanism and emissions model that will propagate aerosol precursor formation (e.g., HNO3 production) and oxidant production (e.g., 03, H202 production), a model for the diffusion of gases to and from the particle phase, a fog chemistry model, a dry deposition module, and a light-scattering code. Such components are available from a number of prior studies or from experimental work performed in support of the present model construction effort. The remainder of this paper describes the assembly of the above pieces of the visibility modeling system into an integrated whole. The model then will be tested by application to source emission data and atmospheric data taken in southern California.
Mathematical Modeling of Air Pollutant Effects on Visibility
A Lagrangian formulation of the atmospheric diffusion equation is employed in this work, as described by Russell et al. [1983] with the changes described below. H is the height of the air column. The particle depo-k is dependent on meteorology, surface sition velocity vp roughness, and particle size, and the Elk are size-and chemically specified direct emissions from primary particle sources. Coagulation of particles is neglected for the case of the relatively dilute atmospheric systems of interest to regional air pollution problems.
For gas phase species i, equation ( ,A, Dp)n(Dp)dDp
The light scattering (plus absorption) coefficient is a function of the scattering (plus absorption) efficiency of a particle Q with refractive index m, particle diameter Dp, as a function of the wavelength of light A, and the particle number distribution n(Dp Emissions information is required for gas phase and particle phase species. The emissions model developed for use with this modeling system assumes that external input data are supplied on the spatial and temporal distribution of the emissions of total suspended particulate matter mass (but not size or chemical composition) along with emissions of SO2, NO, NO2, NHa, CO, and total nonmethane organic gases. These external input data on total particle mass and gaseous pollutant emissions can come from emission inventories such as those maintained by the State of California that provide hourly time resolution for the typical operations of specific industries and weekday traffic densities. Continuous stack emission monitors are in use at hundreds of locations in California, for example, and thus routine emission inventories can be supplemented by dayspecific records of the actual operations of major point sources such as power plants and petroleum refineries.
The primary particulate matter mass emissions supplied from the emission inventory are subdivided within the model to create primary seed particles of specified size and chemical composition released from each source. This primary particle generation system is based largely on source tests conducted by our research group for use in building this emissions model [Hildemann et al., 1989 [Hildemann et al., , 1991a Toward that end, the source profiles are averaged over multiple-source tests whenever possible: a fleet of six noncatalyst autos, seven catalyst-equipped autos, and two diesel trucks were tested over entire driving cycles on chassis dynamometers; several types of wood combustion were examined, and multiple tests were conducted on oil-fired boilers, natural gas-fired appliances, and meat cooking operations. Still, size-distributed and chemically distributed emission data are rare at present. As the number of source tests increase, it will become possible to better describe average emissions and to expand the range of conditions that can be represented.
Key source-specific primary particle size distributions used within the model are plotted in Figure I For condensible organic gases a parallel formulation is used. The diffusional growth equation is solved for a number of condensible organic aerosol species. Because the exact saturation vapor pressure of each of the many low vapor pressure secondary organic reaction products is not known, the secondary organic aerosol material computed from the gas phase kinetic mechanism is assumed to be transferred entirely to the particle phase. Table I are propagated by dissolved S(IV) species and by oxidant concentrations determined from the gas phase photochemical trajectory model, with fog pH values and catalyst levels determined by field experimental observations. The particles that have not been activated continue to interact with the gas phase as described previously. When the air parcel trajectory moves out of the fog, the water dissipates and the particles achieve new diameters determined by the drier, nonvolatile remaining components now contained in the former fog droplet (e.g., sulfates, sodium compounds, carbonaceous material, and crustal materials) plus any nitrate, chloride, and ammonium that would remain in equilibrium with the new gas phase conditions.
Solution Technique
To create a tractable model, operator splitting was employed in these calculations, with the vertical transport and chemical reactions of the gas phase species remaining linked in the first calculation step. Vertical diffusion of aerosol species is calculated next and then the transport between the vapor and the particle phase, followed by fog chemistry when applicable. [Hodkinson, 1966] . The computed light scattering and absorption by particles and gases is then summed in order to arrive at the total light extinction coefficient as a function of wavelength.
Light
The 
Model Application
The strategy employed here for model evaluation generally follows the pattern set by previous gas phase model evaluation studies. First, many components of the model have been tested separately. These include the underlying trajectory model and the ammonia emissions inventory [Russell and Cass, 1986] , the aerosol thermodynamics module [Wexler and Seinfeld, 1991] , improvements to the gas phase organics inventory [Harley et al., 1992] , and the ability to model ozone, The meteorological data necessary to exercise the trajectory model for the August 27-28 SCAQS period were assembled by Harley et al. [1993a] , as part of an earlier study of photochemical smog formation. The input data required include hourly temperature, humidity, surface winds, mixing depths, total solar radiation, and ultraviolet radiation scaling factor fields. With the exception of mixing depths, these data were assembled from ground-based measurements followed by spatial interpolation using the objective analysis techniques of Goodin et al. [1979] . Mixing depths were determined from potential temperature analysis of SCAQS upper air soundings. Air parcels were tracked over a period of two days, starting over the ocean and terminating at Claremont. Trajectories were computed using gridded hourly wind field data prepared by the methods of Goodin et al.
[1979] by specifying the trajectory endpoint at Clare- Board (ARB) (Wagner and Allen, personal communication, 1990) provide the starting point for our emission processing procedures. This inventory includes spatially resolved total particle mass emission rates for 455 separate source types present in southern California. The largest contributors to these mass emissions, including motor vehicle exhaust and paved-road dust, were examined carefully and revised.
In the ARB inventory, on-road vehicle emissions, including catalyst-equipped autos and trucks, noncatalyst gasoline-powered vehicles, and diesel vehicles, are grouped together. To permit the use of more specific information on mass emission rates, particle chemical composition, and particle size, these categories were separated for the current work and new estimates of The data of Cooper et al. [1989] do not provide size distribution data, so the low-resolution particle size data (i.e., particles < 1-/zm, l-to 2.5-/zm, 2.5-to 10-/zm particle diameter) assigned to similar sources in the ARB inventory were applied to these sources. For the remaining sources, particle size and chemical composition data furnished by the ARB were used. The original ARB particulate matter emission inventory includes source chemical and size-specific information for four particle size groups: diameters of less the I ttm, diameters from 1 to 2.5 ttm, diameters from 2.5 to 10 /zm, and diameters greater than 10/zm. The ARB pro- Tables 2  and 3 and is illustrated by particle size and chemical composition in the lower frame of Figure 3 . Figure 3 and Table 3 highlight the large differences between the ARB emissions inventory and our revised primary particle emission inventory. The overall P M10 mass emissions are reduced to 38% of the rate estimated by the ARB, and fine particle emissions within the revised inventory are 32% of the ARB-reported mass emissions. Analysis Initial conditions for particulate chemical species mass concentrations were specified according to filter-based measurements of aerosol chemistry made using the SCAQS sampler at San Nicolas Island during SCAQS, while the shape of the initial size distribution was estimated from impactor-based, chemically specific size distribution measurements made near the coast by John et al. to that of an aerosol particle containing small amounts of water, then the AIM inorganic species transport code is used to redistribute volatile pollutant species and water vapor between the gas and the particle phases at the relative humidity observed after the fog has dissipated.
Model Results
The •-• 50. Table 4 . Overprediction occurs in three sampling periods and underprediction in two sampling periods. Aerosol sulfate is emitted as a primary aerosol constituent and is produced through the oxidation of SO2 in the atmosphere. Base case model predictions are within 10% of observations for aerosol sulfate during three sampling periods, with small overprediction of sulfate concentrations during two sampling periods.
Sensitivity analyses using the model show that predicted sulfate ion mass concentrations are most strongly affected by the number of hours that a trajectory is within a fog and the pH of the fog droplet. Predicted P M2.5 sulfate concentrations will be discussed for three sensitivity tests. Sensitivity tests were run at higher and at lower pH values (pH 4.5 and pH 3.5, respectively). Also presented are results at pH 4 with fog invoked only when both fog was reported by FAA observers and the RH interpolated to the interior of the trajectory cell was greater than 70% ("less fog"). Model predictions of average sulfate concentrations vary by 4-4 to 4.7 /•g m -3 as the pH is varied, decreasing with decreasing pH. The simulation using less extensive fogs ("less fog") results in a noticeable decrease in predicted P M2.5 sulfate concentrations during the second sampling period of the day (0500-0900), a slight decrease in predictions during the third sampling period (0900-1300), and no change in the predictions for the other sampling periods and yields excellent agreement between predicted and observed sulfate concentrations. A statistical summary of model performance for the case of each sensitivity test is given in Table 4. Model predictions of PM2.5 NO• concentrations are controlled by the total amount of inorganic nitrate ever produced within the air parcel, by the gas phase concentrations of ammonia, and by the amount of Na + from sea salt available to form coarse particle nitrates. Table 4 show that the PM10 Na + concentration is reproduced to within about 0.6 /•g m -3. In the present application a trajectory-based model was configured to predict the mass concentrations of the most important aerosol species at 15 discrete particle sizes over the size range from 0.01-to 10-pm particle diameter. An overall aerosol volume distribution can be drawn from this information, by graphing the incremental particle volume AV represented by particles in each size class divided by the width of the logarithmic particle size interval A log Dp, defined by the log-mean diameter difference between particles of that size and its nearest neighboring particle size classes. Figure 9a shows the aerosol volume distribution (AV/A log Dp)
Figure 6h and
as measured by electrical aerosol analyzers (EAA) and optical particle counters ( [Gordon, 1984] . It is seen that the visual range at Claremont was estimated to be in the range of 8 to 21 km over the August 28 period studied.
Discussion
The source-oriented air quality model developed in the present paper possesses a number of advantages that make it an attractive tool for studying the effect of pollutant emissions on visibility-related phenomena. First, the model is based on fundamental descriptions of physical processes, including size-and chemically distributed emissions, atmospheric transport, chemical reaction, transport of condensible secondary reaction products to and from the aerosol, fog chemistry, dry deposition, and light scattering and absorption. Such a mechanistic formulation confers the advantage that fundamental laws, such as mass conservation, are observed and, in principle, allows the model to be used to examine meteorological conditions and distributions of emission sources beyond the range of the historical conditions to which purely empirical models, such as rollback models, are confined.
The Lagrangian discrete particle representation of the aerosol used here possesses several advantages that are important to the present application. The model can represent an arbitrary aerosol size distribution (i.e., it is not limited to lognormal size distributions). There is no need to calculate particle growth across artificial, fixed, aerosol size section boundaries. Some particles but not others can be activated by water condensation according to the aerosol size and chemical composition, and particles can grow to much larger sizes easily within a fog. Further, the discrete particle formulation possesses considerable flexibility that will lead easily to future modeling improvements: aerosol size resolution can be increased by defining initial particle sizes at more Conclusions A source-oriented model for air pollutant effects on visibility has been developed that can compute light scattering, light extinction, and estimated visual range directly from data on gas phase and primary particle phase air pollutant emissions from sources. The importance of such a model is that it can be used to compute the effect of emission control proposals on visibilityrelated parameters in advance of the adoption of such control programs.
The model has been assembled by embedding several aerosol process modules within the photochemical trajectory model previously developed for aerosol nitrate concentration predictions by Russell et al. [1983] and Russell and Cass [1986] . These modules describe the size distribution and chemical composition of primary particle emissions, the speciation of organic vapor emissions, atmospheric chemical reactions, transport of condensible material between the gas and the particle phases, fog chemistry, dry deposition, and atmospheric light scattering and light absorption. The aerosol size distribution and compositional data for primary emissions from sources are taken from a series of source tests conducted specifically for the purpose of supporting such a modeling effort. Accurate prediction of the size distribution and chemical composition of the aerosol at Claremont is central to accurate predictions of light-scattering levels. The predicted aerosol size distribution and chemical composition generally capture the composition, volume, and shape of the measured submicron aerosol, and the correct volume of coarse particle material is predicted on average. As a result, model predictions and measurements of the atmospheric light-scattering coefficient agree with an average bias of 19•.
In conclusion, a source-oriented model for the effects of air pollutants on visibility has been demonstrated that successfully predicts the level of atmospheric light scattering while starting with data on the emissions of primary pollutants at their source, followed by a mechanistic simulation of atmospheric chemistry and aerosol processes.
